Five sheep with ovine pulmonary carcinoma were markedly dyspneic and had sporadic coughing; two had copious watery nasal exudate. In four, lesions consisted of multifocal nodules of neoplastic cuboidal epithelial cells in acinar or papillary patterns. Electron microscopically, cells had microvilli, tight junctions, and cytoplasmic lamellar bodies typical of alveolar type I1 cells. One sheep had a single lung tumor of nonciliated bronchiolar epithelial cells. Vacuolated alveolar macrophages surrounded adenomatous foci. One sheep had a metastatic lesion in the caudal mediastinal lymph node. All sheep had histologic lesions of lymphoid interstitial pneumonia (LIP, ovine progressive pneumonia) consisting of peribronchiolar and interstitial lymphoid hyperplasia, and fibromuscular proliferation; all had serum precipitating antibodies to ovine lentivirus. Lung fluids or tumor homogenates contained a 26-kd peptide that crossreacted with a primate-derived type D retrovirus as detected by immunoblotting or interspecies competition radioimmunoassay. Ovine lentivirus was isolated from concentrated lung fluids or tumor tissues of four sheep tested and from tumor cell DNA of one animal transfected into ovine muscle cells. These studies document the presence of type D-related retrovirus antigen in ovine pulmonary carcinoma (OPC) in the United States and indicate that lentivirus-induced LIP is a lesion frequently associated with this disease.
Ovine pulmonary carcinoma (OPC, sheep pulmonary adenomatosis) has been suspected to occur in the United States since the earliest descriptions of chronic ovine lung d i s o r d e r~,~, '~,~~ and was confirmed in eight cases assembled by Cutlip and Young9 These reports indicate that the disease has coexisted with lymphoid interstitial pneumonia (LIP, ovine progressive pneumonia), which is caused by ovine lentivirus (OvLV, ovine progressive pneumonia virus, maedi-visna virus).*' Ovine pulmonary carcinoma is highly transmissible both naturally and experimentally, yet the etiological agent remains to be isolated. '6,27,36,38,45 Morphologic, biochemical, and immunologic findings implicate a type D-related retrovirus as the etiological agent of 0PC. 36.37,43 The inability to isolate this retrovirus, and the consistent isolation of lentivirus from OPC cases, 14,30,34, 35 complicates understanding of the etiopathogenesis of OPC. The only antigenic marker for the presumed causative virus is a 25-kd polypeptide in OPC lung fluid and tumor homogenate which immunologically crossreacts with a 27-kd viral protein of Mason-Pfizer monkey virus, a type D r e t r o v i r~s . ~~ In order to increase knowledge of the clinical, pathological, and virological features of OPC in the United States, five naturally occurring cases ofthe disease were studied. Analysis of tissues and fluids of these cases demonstrated the natural coexistence of two retrovirus-induced diseases (OPC and LIP) and provided further evidence for presence of two distinct retroviral agents in the same host. I3,l4 Materials and Methods Three adult crossbred ewes, which had been culled from a Wyoming sheep flock for loss of weight or dyspnea, were studied. The sheep were checked for lung fluid (LF) production, a clinical test for ovine pulmonary carcinoma (OPC), by raising their rear limbs and collecting any nasal discharge. One ewe was injected intramuscularly with a corticosteroid drug for 30 days (Dexamethasone, 2 mglday) to enhance production of lung fluid. Two additional OPC cases were identified in a group of culled mature ewes slaughtered in Colorado.
Following euthanasia, complete necropsies were done on each ewe. Tissues for histological examination were fixed in 10% buffered formalin, processed routinely, sectioned at 6 wm, and stained with hematoxylin and eosin (HE). Selected sections of lung were stained with Masson's trichrome. For electron microscopy, tissue fragments were fixed in 2% glutaraldehyde, post-fixed in 2% osmium tetroxide, embedded in epon, sectioned by ultramicrotomy, and stained with uranyl acetate and lead citrate. Representative lung tissue was frozen at -70 C for immunologic assays and transmission experiments. I4 Detection of serum precipitating antibodies to ovine lentivirus glycoprotein was performed as described.* For virus isolation, lung and spleen fragments were either explanted or trypsinized and cocultured with Himalayan tahr ovary or goat synovial membrane cells as described.14 Pellets obtained by ultracentrifugation of lung fluid were adsorbed onto goat synovial membrane cells. Concentrated lung fluids also were cocultivated with other mammalian cell lines, including bat lung, canine fetal thymus, mink lung, human osteogenic sarcoma, and other permanent cell lines known to support the growth of retroviruses, but not harboring endogenous viruses. Additionally, virus isolation was attempted by transfection of DNA from tumor tissue. High molecular weight DNA was extracted from 10 grams of lung tumor tissue from one animal (83/28), and transfected into canine fetal thymus cells using standard procedures.I7 All cells were maintained in Dulbecco's modified Eagle's medium, supplemented with 10% fetal calf serum and 50 pg/ml of gentamicin, and incubated in a humidified 4% CO, incubator. Cells were monitored for cytopathic effects (CPE), and culture supernatants were monitored for the presence of reverse transcriptase activity,19 or of either Mason-Pfizer monkey virus (MPMV), p27-related protein, or ovine lentivirus antigen by an interspecies radioimmunoassay (RIA)," and imm~noblotting.~~ To detect retrovirus-associated antigens, proteins from lung tumor homogenate and lung fluid samples were separated by sodium dodecyl sulphate/polyacrylamide gel electrophoresis (SDWPAGE) and analyzed by Western immunoblotting assay as previously d e~c r i b e d . '~,~~ The separated proteins were transferred to nitrocellulose paper and immunoassayed using To detect the MPMV p27-related protein by RIA, purified major gag proteins of CAEV, Rauscher leukemia virus (a prototype type C retrovirus), and two type D retroviruses (langur and squirrel monkey retrovirus) were iodinated by the chloramine T method to specific activity of 60 to 80 pCi/pg as described previously.l] A competition RIA which clearly distinguished between lentiviruses and type D retroviruses was established. The competition RIA was done by incubating serial two-fold dilutions of antigen with a predetermined limiting amount of antiserum for 1 hr at 37 C, followed by the addition of 10,000 cpm of iodinated viral protein. The reaction mixtures (in a final volume of 200 pl containing 0.01 M Tris-HC1, pH 7.8, 13 mM ethylenediamine tetracetate (EDTA), 1 Yo bovine serum albumin, 0.05% sodium azide, 0.4% Triton X-100, and 0.01 M NaCl) were incubated for an additional 3 hr at 37 C and overnight at 4 C. Sufficient secondary antibody (anti-immunoglobulin) was added to precipitate the immune complexes, followed by the addition of 0.4 ml 0.01 M Tris-HC1, pH 7.8, 0.1% Triton X-100, 0.1 M NaCl, and 1 mM EDTA. After 3 hr at 4 C, the tubes were centrifuged at 2,500 rpm for 15 min and the radioactivity in the pellets was determined.
Results
All five sheep were emaciated and dyspneic. Of these, three were available for physical examination by the authors. They had severe dyspnea and tachypnea (65-85 respirations/minute), sporadic coughing, and two had a watery nasal discharge (lung fluid) when the rear limbs were elevated. These two sheep (83/28 and 84/ 28) produced an average of 10-1 5 ml/day lung fluid. In one of these two sheep (84/28), the yield of lung fluid was increased to an average of 25-30 ml/day following corticosteroid administration. The total yield from this animal was 800 ml over 1 month. Auscultation of the thorax in two of five sheep revealed pronounced crackles (moist rales) over both lung fields. The sheep were afebrile. Two sheep died in respiratory distress. All five sheep had serum antibodies to ovine lentivirus (OvLV) antigens in a n agar gel immunodiffusion assay.
At necropsy, the lungs failed to collapse, were firm, and were 3 to 4 times heavier than normal. The lungs of four of five sheep had 3to 6-cm white to gray, raised firm masses in the anterior lobes and smaller nodules in dorsal posterior lobes. Two of these four sheep (83i28 and 84/28) had poorly circumscribed, dark red consolidated areas and multifocal 2to 3-cm abscesses in the dorsal posterior lobes. Cut surfaces of neoplastic masses contained granular, elevated foci, usually associated with frothy fluid. Bronchial and bronchiolar airways contained frothy fluid. In the left middle lung lobe, the fifth ewe (85165) had a 12 x 15 x 10 cm ovoid tumor mass consisting on cut surface of white to tan papillary projections surrounded by cloudy white mucoid fluid. In two sheep, the pleura of both cranial lobes was thickened and adherent to the costal wall. Tracheobronchial and mediastinal lymph nodes of all sheep were increased 3 to 4 times normal size.
The lungs of all sheep had histologic changes that were consistent with both ovine pulmonary carcinoma (OPC, sheep pulmonary adenomatosis) and lymphoid interstitial pneumonia (LIP, ovine progressive pneumonia) ( Table 1 ). Neoplastic lesions consisted of multifocal to coalescent epithelial cell growths. Tumors were composed mostly of single layers of cuboidal epithelial cells arranged in an acinar pattern, but all tumors had areas where the tumor cells piled up, forming papillary projections into the alveolar spaces ( Fig. 1 ). Tumor cells were well differentiated and had highly vacuolated cytoplasm; some had vesicular nuclei. They were supported by sparse connective tissue stroma. Mitotic figures were rare. Alveoli near neoplastic foci often contained eosinophilic proteinaceous material ( Fig. 1 ). Some neoplastic cells were desquamated, partially obliterating alveolar spaces. All ewes had abundant alveolar macrophages surrounding neoplastic foci and obliterating alveolar spaces. A few such cells in one animal (83/28) were multinucleated (Fig. 2) . Three of five ewes had intrabronchiolar papillary neoplastic growths (Fig. 3) . Two ewes had multiple foci of bronchiolar epithelial hyperplasia, necrosis, hemorrhage, and degenerate neutrophils. The lungs of all the animals had diffuse thickening of the interalveolar septa by lymphocytes, macrophages, and a few plasma cells (Table 1) . These changes in three ewes were associated with marked fibromuscular proliferation (demonstrated with Masson's trichrome stain). In all sheep, there were large, poorly defined lymphoid follicles surrounding bronchioles, venules, and occasionally, neoplastic foci (Fig. 4) .
The caudal mediastinal lymph node of one sheep had a focal area of tumor cell metastasis. Histologically, the subcapsular sinus and adjacent cortex of this lymph node contained a nodule of low cuboidal epithelial cells, similar to those seen in the lung neoplasm, supported by thin stromal connective tissue. The bronchial and mediastinal lymph nodes of three sheep were hyperplastic, with loss of clear demarcation between cortex and medulla and moderate paracortical increase in medium to large lymphocytes. The cortex of two ewes had poorly defined follicles with inactive germinal centers.
Tissues from three OPC cases (83/28, 84/28, and 85/65) were examined electron microscopically. Neoplastic epithelial cells from two sheep (83/28 and 84/ 28) had microvilli on the luminal surface, tight junctions between cells, and variable numbers of cytoplasmic lamellar bodies typical of those of type I1 pneu-m o n o~y t e s .~.~~ Lung tumor tissue from ewe 85/65 consisted entirely of single rows of columnar epithelial cells identified as nonciliated bronchiolar (Clara) cells by their electron-dense cytoplasmic granules and microvilli ( Fig. 5 ).23 Tumor cell nuclei were ovoid, basally to centrally oriented, and occasionally were invaginated. The remaining cytoplasm contained abundant smooth endoplasmic reticulum with moderate numbers of mitochondria.
Efforts were made to isolate retroviruses from tissues and fluids in four sheep and to immunologically characterize the viruses obtained. Lentiviruses, confirmed by the presence of ovine lentivirus (OvLV) core proteins in culture supernatant fluid, were readily isolated from lung and spleen in four of five sheep tested, as well as from concentrated lung fluid of one ewe (84/ 28). In all cases, cytopathic effects (CPE) were characterized by formation of refractile cells and syncytial cells within two to three passages of the cultures. A lentivirus was isolated from ovine muscle cells transfected with high molecular weight DNA obtained from lung tumor tissue (ewe 83/28). Efforts also were made to isolate a retrovirus which had been previously associated with OPC and which was immunologically related to Mason Pfizer monkey virus (MPMV).37 When concentrated lung fluid was cocultivated with a variety of mammalian cell lines, none of the culture supernatants developed reverse transcriptase activity or antigen capable of competing in an interspecies radioimmunoassay (RIA) measuring type D retroviral gag antigen during a 3-month period (see below).
Using the technique of immunoblotting, evidence was obtained for presence of type D-related retrovirus in lung fluid or tumor homogenate of four sheep tested. A monospecific goat-anti-MPMV p27 serum detected a 26-kd protein in the two OPC lung fluids tested (ewes 84/28 and 84/K2) ( Fig. 6 ) and in four of five tumor tissues (ewes 83/28, 84/28, 84/K1, and 84/K2) (data not shown). This crossreactive protein was not detected in extracts of lentivirus-infected cell cultures ( Fig. 7) or in ovine lentivirus (0vLV)-infected animal tissues which were negative for OPC lesions. However, the OPC tissue extracts also contained a 25-kd protein, which was detected on immunoblots with anti-lentivirus serum. This serum did not react with MPMV antigens or with antigens of other retroviruses, except for other strains of caprine or ovine lentiviruses.
To further verify that OPC tissues contained antigen from two genetically and evolutionarily distinct retro-viruses, lung homogenates were evaluated by competition RIA. This assay detected caprine and ovine lentivirus gag p28, but did not detect the comparable gag protein of any other virus tested, specifically the type D viruses, MPMV, squirrel monkey retrovirus (SMRV), and langur retrovirus. The use of heterologous serum (anti-SMRV) to precipitate langur retrovirus p30 permitted the detection of all known type D retroviruses and the OPC virus as well. The complete lack of competition by both sucrose-banded and highly concentrated goat anti-caprine arthritis-encephalitis virus (CAEV), and by members of other retroviral taxonomic groups, indicated that lentivirus gag protein was not crossreactive with OPC gag protein under our assay conditions. In a homologous competition RIA (lentivirus antigen reacting with lentivirus antibody), lung tissue from both LIP (84/29) and OPC (84/28)-affected sheep contained lentiviral antigen, while control tissue was negative ( Fig. 8 ). Using a heterologous competition RIA, which detected the major gag protein of three type D retroviruses, but not lentivirus antigen, lung tissue homogenate of ewe 84/28 contained type D retrovirus antigen (Fig. 9 ).
Discussion
Descriptive evidence of the simultaneous occurrence of ovine pulmonary carcinoma (OPC) and lymphoid interstitial pneumonia (LIP) can be found in the earliest reports of OPC in South Africa6 and Iceland.38 Careful examination of other reports suggests that these diseases have coexisted both naturally1,9,'5~18,39,41,46 and experimentally. 10,14.16,24,33,38 Histologic findings in these reports included descriptions of neoplastic epithelial proliferations, as well as prominent, peribronchiolar, perivascular lymphoid proliferation. Both diseases have coexisted naturally throughout the world. This may have caused confusion, delaying the recognition of OPC in the USA9 and LIP in Peru. 39 The detection of both type C and intracisternal type A virus particles in OPCaffected lung tissue by electron microscopy31 is further support for dual retrovirus infection. The lack of lentivirus-associated LIP in Scotland, where OPC causes important losses, suggests that these two diseases are not invariably coexistent. However, OPC associated with LIP has been described in Scotland. 40 The presence of a watery nasal discharge (lung fluid) has been considered as a pathognomonic feature of OPC and as a method for differentiation of clinical OPC from other chronic pneumonopathies of sheep, particularly LIP.26,44 However, field studies in Peru have revealed that many animals with lesions of OPC have minimal or no lung fluid production (unpublished data). Fluid production may be related to the origin or degree of differentiation of the OPC tumor cells.I4 The increased yield of lung fluid following corticosteroid administration in one animal in this study might be related to inhibition of macrophage phagocytosis of the tumor cell product. Alternatively, it is known that glucocorticosteroids accentuate pulmonary surfactant synthesis in alveolar type I1 cells by increasing glycogen consumption and consequent phospholipid synthesis.2
Histologic findings in the naturally occurring OPC cases reported here are similar to previous descriptions of 0PC. 7, 9, 38, 39 The majority of neoplastic cells were moderately well differentiated and did not behave as However, the disseminated pattern seen in two of the cases may reflect endobronchial spread of tumor cells as apparently occurs in nonmucinous bronchioloalveolar carcinomas in h u m a n~.~ Metastasis to regional lymph nodes, and less frequently to extrathoracic sites, is a major factor in defining OPC as a neoplastic c~n d i t i o n .~.~. '~ There is disagreement regarding the frequency of metastasis in OPC, but the relative infrequency of metastasis reported in the present study and in other parts of the world may merely reflect the abbreviated lifespan of OPC-affected sheep. The high rate of metastasis of OPC reported in Awasi (fat-tailed) sheep, however, may represent a host genetic predisposition for metastatic spread in this breed. 28 Four of five ewes in this study had prominent thickening of interalveolar septae, which was primarily due to fibromuscular proliferation, as confirmed by special stain (Masson's trichrome). The prominence of the interalveolar septa is not part of the early adenomatosis process in experimentally infected lambs, l 4 but marked fibroplasia is often found in advanced cases of 0PC.39 However, it is not known whether fibroplasia is a result of chronic secondary bacterial infection, a pathologic change associated with lentivirus infection, or a tumorassociated lesion.
The infiltration of alveolar macrophages surrounding the neoplastic foci is a consistent histologic feature of 0PC,7,26,42,44 but very little is known about their pathogenetic role in OPC. The excessive surfactantlike protein produced in this tumor may represent a stimulus for accumulation of macrophages. However, the massive accumulation of alveolar macrophages may potentiate tumor progression, as suggested to occur in some non-pulmonary t u m~r s .~, '~ Moreover, alveolar macrophages have been shown to be capable of inducing DNA synthesis in alveolar type I1 cell cultures in rats,22 and may do so in neoplastic epithelial cells as well. The abundant alveolar macrophages in OPCinfected animals also may serve as an important target for lentivirus replication. 13, 14 The etiological agent of OPC has not yet been isolated, although increasing evidence supports a type D retrovirus as the most likely causative agent of the d i~e a s e . '~,~~ Identification of an antigen in OPC lung and lung fluid, using two different assays, which crossreacts with primate-derived type D retrovirus, supports this hypothesis. However, viral isolation attempts from OPC-affected lung tissues have yielded lentiviruses rather than a type D r e t r~~i r~~.~J~. These isolates were morphologically or antigenically similar to ovine lentiviruses such as visna-maeduovine progressive pneumonia virus (VM/OPPV), but some were shown to have limited genomic homology with ovine and caprine l e n t i v i r u~e s .~~,~~~~~
The role that lentiviruses play in OPC is not clear. Most evidence argues against a direct role of lentivirus in the etiology of OPC. Naturally occurring and experimentally induced OPC cases reported in Scotland do not have antibodies to ovine lentivirus in agar gel immunodiffusion and enzyme-immunosorbent ass a y~.~~.~' The lack of lentivirus DNA sequences in affected lung tumors is the strongest evidence against a role for VM/OPPV in the etiology of 0PC.32 However, our isolation of a lentivirus by transfection of high molecular weight tumor cell DNA, the induction of lentivirus from an OPC-derived lung tumor cell 1ine,30.34 and lentivirus induction from long-term ovine fibroblast c u l t~r e s ,~ all suggest that lentiviruses can integrate into the genome of lung tumor cells. The pathogenicity of the lentivirus obtained from the tumor cells by transfection is presently under investigation.
The spontaneous coexistence of OPC and LIP lesions as reported herein is receiving increasing attent i~n . '~. '~ Identification of an antigen in lung fluid and tumor homogenate that crossreacts with core protein of primate-derived type D retroviruses by immunoblotting and radioimmunoassay techniques supports the presence of a type D-related retrovirus in OPC. However, the consistent isolation of lentivirus from the same animals suggests that oncogenic and nononcogenic retrovirus infections may exist concurrently in sheep. The possibility that these two viruses may have a synergistic effect in tumorigenesis is currently being investigated.
